We study the leptogenesis scenario in realistic models of the quark-lepton mass matrix with multi-Higgs doublets. In this scenario, the conventional approach of the leptogenesis is changed and generalized. It is pointed out that the washing-out process through the effective four point interactions, which has not been taken into account seriously, can become important. We find the new possibility to reproduce the observed baryon asymmetry through the washing-out process.
Baryogenesis via leptogenesis [1] has attracted many physicists [2] . This comes from the standpoint that the original baryogenesis through interactions in the grand unified theory (GUT) may not work, since the re-heating temperature may be much lower than the GUT scale. Also even if the re-heating temperature is high enough and baryon asymmetry (Y B ) was created at high temperature, the sphaleron process being in thermal equilibrium may be washing the existing Y B out [3] when the original theory has manifest U(1) B−L global symmetry. Therefore, providing the U(1) B−L breaking, we consider the leptogenesis at energies lower than the re-heating temperature, and baryogenesis via (B+L) violating sphaleron process [3] .
In these decades much information on the fermion mass matrices has been accumulated, especially, the neutrino oscillation data [4] have been providing new one on the lepton sector. Accordingly, many models of the quark-lepton mass matrix have been proposed. Leptogenesis scenario may add further new information on these models. Furthermore, if a mass matrix model successfully reproduces the observed baryon number (baryon to photon ratio) Y B = 10 −11 − 10 −10 , this becomes new great achievement in its own right.
Though many papers have discussed on this subject, they are not yet fully successful. The predicted baryon numbers are sometimes too small or too large to be consistent with the observed one. Some papers assert their success, but most of those models are not sufficiently careful to the other observed quantities like mass spectra and mixing angles. It is problematic that those papers have not discussed seriously CP-violating phases, crucial to the leptogenesis. Finding a fermion mass matrix model, which has a strong predictability and can simultaneously reproduce the experimental data and the observed baryon asymmetry, is still under consideration.
In this program, the SO(10) GUT is the most well-motivated theory. Yukawa couplings are severely constraint by its symmetry and also the right-handed neutrinos are naturally incorporated. Smallness of the neutrino masses are naturally explained through the see-saw mechanism [5] with right-handed neutrino masses of the intermediate scale.
Unfortunately, a "minimal" SO(10) GUT model with a up-type and a down-type Higgs doublets (in terminology of the standard model) is too restrictive (mass matrix unification for leptons and quarks) to reproduce the experimental data. Therefore, we have to extend the Yukawa sector so as to allow more freedom. One natural strategy 1 is to introduce new Higgs doublets [7] , namely, to make the model multi-Higgs doublet model. For example, introduction of 10 + 126 Higgs bosons (two up-type and two down-type Higgs doublets) may be minimal to be consistent with the experimental data with the strong predictive power [8] .
Note that, in a model with (up-type) multi-Higgs doublets, conventional approach of the leptogenesis by using the mass matrix is, in general, incorrect. The reason is two holds. One is that the conventional formula of the CP-violating parameter ǫ should be extended to the multi-Higgs cases. The other is that one-to-one correspondence between the Yukawa coupling and the mass matrix to be compared with experimental data is no longer valid.
In this paper, we study the leptogenesis scenario in the models with (up-type) multiHiggs doublets. We point out that a washing-out process, which has not been taken into account seriously, becomes important. As a result, new possibility to reproduce both of the experimental data and the observed baryon asymmetry is opened up.
Let us first briefly review the conventional approach of the leptogenesis scenario. In the following, our discussion is always based on the effective Lagrangian at energies lower than the right-handed neutrino masses such that
where i, j = 1, 2, 3 denote the generation indeces, h is the Yukawa coupling, l L and φ are the lepton and the Higgs doublets, respectively, and M i is the lepton-number-violating mass term of the right-handed neutrino N i (we are working on the basis of the righthanded neutrino mass eigenstates). For simplicity, we assume the hierarchy among the right-handed neutrino masses,
in the following
The lepton asymmetry in the universe is generated by CP-violating out-of-equilibrium decay of the heavy neutrinos, N → l L φ and N → l L φ. The leading contribution is given by the interference between the tree level and one-loop level decay amplitudes, and the CP-violating parameter is found to be
Here f (x) and g(x) correspond to the vertex and the wave function corrections [10] ,
respectively, and both are reduced to ∼ − 1 2 √ x for x ≫ 1. We assumed that the lightest N 1 decay dominantly contributes to the resultant lepton asymmetry. In fact, this is confirmed by numerical analysis in the case of hierarchical right-handed neutrino masses [9] . Using the above ǫ, the resultant Y B produced is described as
where g * ∼ 100 is the effective degrees of freedom in the universe at T ∼ M 1 , and d ≤ 1 is so-called the dilution factor. This factor parameterizes how the naively expected value Y B ∼ ǫ/g * is reduced by washing-out processes. We can classify the washing-out processes into two cases with or without the external leg of the heavy right-handed neutrinos. The former includes the inverse-decay process and the lepton-number-violating scatterings mediated by the Higgs boson [11] 
where q L and t R are quark doublet and singlet, respectively. The latter case is the one induced by the effective four point interaction,
after integrating out the heavy right-handed neutrinos. Here we described the interaction symbolically omitting the generation indeces. This term is nothing but the one providing the see-saw mechanism [5] . The importance of this interaction was first discussed in [12] , where it is shown that the interaction is necessary to avoid the generation of the lepton asymmetry in thermal equilibrium. While numerical calculations [11] [9] are necessary in order to evaluate the dilution factor precisely, Y B ∼ ǫ/g * roughly gives a correct answer. In fact, the dilution factor varies, at most, a few orders of magnitude, and is not so effective. This is the result from the neutrino oscillation data.
The condition for the washing-out processes to be effective is roughly given by
, where Γ denotes the decay width or the thermal-averaged cross section times number density for the lepton-number-violating scatterings, and H is the Hubble parameter. This condition leads to lower bounds on the light Majorana neutrino mass eigenvalues. For simplicity, let us assume (
through the see-saw mechanism, where v = 174 GeV is the vacuum expectation value (VEV) of the Higgs doublet, and m νi is the mass eigenvalue of the light Majorana neutrino in the i-th generation.
Considering that the decay width is given by
Although estimation for the Higgs mediated scatterings is much more complicated, we obtain the similar result. To evaluate the condition for the washingout process due to the four point interaction needs knowledge of the flavor structure in the neutrino sector. For simplicity, assume that the dominant contributions are coming from each single N i exchange for i fixed. In this case, we find the cross section σ ∼
, which leads to the bound on the light neutrino masses as
. Note that this result is incompatible with the neutrino oscillation data [4] in the hierarchical light neutrino case, since i m
For the degenerate case it may be allowed, but may have a conflict with the constraint i m νi ≤ 1.8 eV due to observations of the large scale structures in the present universe [13] . The possibility M 1 ≫ 10 10 GeV would be unlikely in the view point of the reheating temperature. The condition for the inverse-decay can be consistent with the neutrino oscillation data, and be effective. In this case, there is the useful approximation formula [14] 
. Considering the relation d ∼ 1/k ∝ 1/m ν1 , the neutrino oscillation data and the cosmological constraint, we can expect d ≥ 10 −3 . As a result, the washing-out processes are not so important in the conventional scenario. Now let us study how the above conclusion is changed in models with the multi-Higgs doublets. For simplicity, we consider the model with two up-type Higgs doublets, H 1 and H 2 . The Dirac neutrino mass matrix is written by the sum of two Higgs doublets H i ,
where v and β are defined as v 2 = H 1 2 + H 2 2 and tanβ = H 2 / H 1 , respectively. In the following analysis, we take v = 174 GeV as in the conventional scenario, for definiteness. It is straightforward to extend all the formulas necessary in the leptogenesis scenario to the ones in the multi-Higgs case. For example, the CP-violating parameter Eq . (1) is modified to be the sum of
for M 1 ≪ M j , where the first (second) term corresponds to the vertex (wave function) correction. The important modification is that the direct relation between the Yukawa coupling and the Dirac mass matrix to be compared with the experimental data is no longer valid in models with the multi-Higgs doublets, because of the new parameter β introduced. Even if a predictive model fixes the mass matrices h 1 H 1 and h 2 H 2 (see [8] , for example), there is still freedom to change the Yukawa coupling according to β.
Since general discussion about the multi-Higgs case is very complicated, we assume that h 1 H 1 ≪ h 2 H 2 and h 1 ≪ h 2 to make the essential point of our discussion clear. These assumption reduces our formulas to the one in the conventional scenario with identification h = h 2 . However, note that the quantity defined as m D = hv is not the Dirac mass to be compared with the experiments, and no longer suffer from the neutrino oscillation data.
To avoid confusion, we use the notation, (h
, in the following. Note again that m ν i is not the physical mass eigenvalue.
In the conventional scenario, the direct correspondence among the Yukawa coupling and the Dirac mass matrix allows us to describe the CP-violating parameter as
With given m D in a mass matrix model, we can evaluate ǫ. For a model with a strong predictive power, we usually find large discrepancy between the evaluated Y B and the observed one. However, note that in our case the above formula is modified as ǫ → ǫ/sin 2 β through m D → m D = m D /sinβ. This formula implies that we can reproduce the observed baryon number by adjusting β appropriately, even if Y B ∼ ǫ/g * given by the mass matrix is too small. On the other hand, there seems to be no hope, if ǫ is too large at the beginning. However, in this case, the washing-out processes play an important role so as to reduce the resultant Y B to the observed values. Since we no longer suffer from the neutrino oscillation data, the Yukawa coupling h = h 2 can be taken to be large enough for the washing-out process to become effective. Now let us discuss the washing-out processes in detail by integrating the Boltzmann equations out. In the conventional case, numerical analysis have been done in detail [11] [9], and all the quantities we need in this analysis are collected there. Thus, we do not discuss about derivations of formulas etc. in this paper. All our formulas are based on Ref. [9] . We are interested in the parameter region where the washing-out processes are effective. Although the past works include this parameter region, it has not been seriously taken into account, because of the incompatibility with the neutrino oscillation data as discussed above.
The Boltzmann equations are written by [9] dY
where z = M 1 /T , and s is the entropy density. Here γ D is given by
with the usual decay width of N 1 in the rest system,
the modified Bessel functions K i , and the number density n
. Here γ N (γ N t ) corresponds to the lepton-number-violating scattering process lφ ↔ lφ (ll ↔ φφ) through the effective four point interaction of Eq. (4). We omitted the Higgs mediated processes for simplicity. These processes have an effect similar to that of the inverse-decay, since both are classified in the same washing-out process with the N 1 external leg and have amplitudes proportional to (h † h) 11 . For two body scattering, γ is given by
with the reduced cross sectionσ(s). Assuming, again, that the dominant contribution is due to the single N i exchange for fixed i, the sum of the reduced cross section for the scattering lφ ↔ lφ and ll ↔ φφ is given bŷ
Here, we further assumed the hierarchy m ν1,2 ≪ m ν3 for simplicity. This also means that the washing-out process mediated by N 3 is dominant. Substituting the reduced cross section into Eq. (12), we obtain
This result is a good approximation for the region M Z ≪ T ≤ M 1 ≪ M 3 which we are interested in, where M Z is the Z-boson mass. Now we are ready to numerically analyze the Boltzmann equations. Given ǫ, m ν1 and m ν3 , the Boltzmann equations can be easily integrated out. For very small m ν1 and m ν3 , we can find Y B−L ∼ ǫ/g * . Our interest is on the parameter region where the washingout processes play the important roles. This parameter region has not been taken into account seriously in the conventional leptogenesis scenario, because of the incompatibility with the neutrino oscillation data. Now we are free from the neutrino oscillation data, and can take large input values for m ν1 and m ν3 . Let us consider two spacial cases. One is that the washing-out process through the inverse-decay is dominant. This case has been taken into account in the past works with the range of the resultant dilution factor d ≥ 10 −3 . The other is that the resultant Y B−L is drastically reduced by the washing-out through the four point interactions. For each cases, Y B−L is depicted in Fig. 1 and Fig. 2 , respectively, as a function of Log 10 (z). 3 We can see that there is the drastic reduction of the resultant baryon number in each graph.
There are useful approximation formulas for two cases discussed above. The Boltzmann equation of Eq. (9) can be rewritten as
where
with
and
Here we have used sY with the solution of Eq. (8) . We can find that
Considering that the out-of-equilibrium decay begins roughly at T ∼ M 1 , the condition P (1) ≥ 1 gives a reasonable evaluation for the washing-out processes to be effective. For the above two cases, we can obtain the conditions on the light neutrino mass eigenvalues such that
The washing-out processes play the important roles in the case P (1) ≫ 1. Using the method of the steepest decent in Eq. (20), we can find [14] 
where a = −dP (z)/dz| z=z f (> 0) with z f defined as P (z f ) = 1. In the first case, P D (1) ≫ 1 but P N (1) ≪ 1, it is difficult to obtain a simple formula because of the Bessel function in P D (z). Although we can find a rough formula Y B−L ∝ 1/k, more reasonable fitting formula is known such as [14] 
with k ∼ P D (1). In the other case, P D (1) ≪ 1 but P N (1) ≫ 1, analytic calculation is possible by using Eq. (18), and the approximation formula is found to be
with ∆ = 3m
We can check that the both formulas give good approximations compared to the numerical results. We have learned that there is the parameter region where the washing-out processes become important. Note that ǫ becomes large according to the power law, ǫ ∝ h 2 . In the case P D (1) ≫ 1 but P N (1) ≪ 1, from Eq. (24), we can expect that the resultant baryon number is saturated to a constant, as Yukawa coupling becomes large. On the other hand, in the case P N (1) ≫ 1 but P D (1) ≪ 1, Eq. (25) leads to the conclusion that the resultant baryon number becomes an exponentially decreasing function of the (large) Yukawa couplings. This implies that, even if ǫ/g * is too large, new parameter region of large Yukawa couplings is opened up, so that the observed baryon number can be reproduced. This is a new interesting feature in our scenario.
In summary, we have studied the leptogenesis scenario in models with multi-Higgs doublets. In our scenario, the direct correspondence between the Yukawa coupling and the mass matrix is lost. As a result, new parameter region can be consistent with the experimental data, the neutrino oscillation data. We pointed out the importance of the washing-out processes which have not been seriously taken into account in the past works. We found a new parameter region of the large Yukawa couplings which can reproduce the observed baryon number through the exponential dumping of too large CP-violating parameter ǫ due to the washing-out processes.
Finally we give a comment on phenomenological constraints on our scenario. In order for our scenario to work, in other words, to loose the direct correspondence between the Yukawa coupling and the mass matrix, it is necessary that the models are essentially the multi-Higgs model 4 . To be precise, the bases of the Higgs mass eigenstates should not coincide with the basis which reduces two Higgs VEVs to the only one. It is well known [15] that such models cause the flavor-changing-neutral current through Higgs boson exchanges, and are severely constrained by experiments. For more detailed discussion, a concrete mass matrix model is necessary. For a given model, it is worth examining our scenario and phenomenological constraints.
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